Abstract-This paper presents an optimal battery management algorithm for photovoltaic (PV) stations capacity firming using dynamic programming-based optimization and control architecture. The objective is to manage the output of battery energy storage system (BESS) so that PV station output swings are reduced significantly. First, BESS and PV station located in a medium-voltage distribution network on a North American power grid is modeled along with the reduced-order feeder model. Then, the proposed algorithm is designed and implemented on the power grid distribution feeder based on the feeder data streamed through utility communication infrastructure to the research laboratory. The theoretical formulation, simulation, and implementation results are discussed in detail in this paper. 
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I. INTRODUCTION
T HE UTILITY grid as a whole must evolve in several ways to accommodate increased penetration of PV and other distributed and intermittent electricity generation sources. One of the main concerns is the intermittent nature of PV-based power generation. Storage technologies have provided great impact to minimize the intermittency but with it come with a huge cost factor. Several storage technologies have been studied recently for maximizing capacity firming of PV and other related factors [1] - [10] . Successfully integrating energy storage with distributed PV generation for grid-connected applications involves much more than selecting an adequately sized BESS. One of the major issues in integrating energy storage is to develop a methodology that allows storage to work with the PV station based on grid reliability. Ability of storage is justified only when the degree of PV capacity firming is illustrated with respect to changing weather conditions as well as grid scenarios.
Definitely there is a concurrent need to quantify the "value" of storage that it can provide to the grid, through individual application or in multiple or "stacked" form, as a single storage system has the potential to capture several revenue streams to achieve economic viability. This is important now as the cost of storage systems decline to economically attractive levels [11] . Akhil et al. [12] discuss tools for evaluating BESS multiple functions value based on various applications and battery technologies. Reportedly, applications in which energy storage systems have been utilized provided considerable value to energy producers, grid operators, and in turn, energy consumers.
Several works have focused on PV capacity firming utilizing BESS. Even though there is no unique way to smooth the PV output, the main focus of these research efforts was to provide a methodology by which BESS can be used for PV capacity firming. In [18] and [19] , focus was on a moving average-based ramp-rate control. Also, a dynamic filtering controller and dynamic rate limiter approach is used in [13] - [14] for smoothing of PV and wind power generation fluctuations. Hund et al. [15] propose a modified ramp rate control that can be used based on the time instant of the PV smoothing characteristics. Impact of the forecasting methods to provide PV smoothing capability has been addressed earlier as well. For example, in [16] , a method for using hydrogen storage to assist in integration of a large-scale PV generation system into the utility grid is proposed using weather forecasting.
However, most of these works does not consider optimal value for storage output that changes with respect to time to maximize the smoothing capability based on the storage capacity and the PV output for a specific day. It is important to look at the weather pattern and then provide optimal changes to the battery management algorithm as well. In general, BESS control system is challenged with the task of reducing short-term PV output variability while avoiding overworking the battery both in terms of capacity and ramp capability.
In this paper, a new method for BESS PV capacity firming application is presented. This method considers generating reference characteristics for the energy storage based on an optimization routine that provides optimal state-of-charge (SoC) operation of the battery for a particular day. The optimization framework provides this SoC (used at the beginning of the day) and a changing parameter that manages the utilization of the BESS in terms of charge and discharge degrees for firming. This allows the reference curve to provide maximum smoothing of the PV output. The main contribution of this paper is as follows.
1) The approach utilizes the cloud cover states to develop the optimal battery starting SoC for a particular day utilizing a dynamic programming method. 2) The approach generates an optimal weight factor for the battery charge/discharge power that ensures minimum unfirmed energy for individual cloud cover states.
3) The proposed architecture optimally utilizes the full size of the battery optimizing the SoC such that the PV output is smoothed to the maximum. The paper is organized as follows. Section II discusses the test system topology, and Section III discusses the proposed system control methodology and framework. Section IV illustrates the firming optimization algorithm depicting the utilized dynamic programing routine and the simulation results are illustrated in Section V. Implementation results of the overall control architecture are presented in Section VI showing practical results of implementation of the devised algorithm running on the described feeder utilizing the utility communication technique. Finally, conclusions are derived from the shown practical results in Section VII.
II. SYSTEM TOPOLOGY
A. Distribution Feeder
The distribution feeder used for modeling and field implementation depicted in Fig. 1 consists of 720 node 12.475-kV system which has a 1.25-MVA/750-kWh BESS connected in conjunction with a 1-MW PV station. The point-of-common coupling (PCC) is practically located at the near end of the distribution feeder near the BESS/PV stations. The feeder consists of three static capacitors and three voltage regulators. Two of the voltage regulators are line regulators and the third one is a substation regulator. This practical feeder is aggregated into the 16 bus system model shown in Fig. 2 for analysis and simulation purposes. 
B. Battery Energy Storage and Management System
As shown in Fig. 3 , the BESMS consists of the SMS and BESS. The existing BESS is comprised of a lithium polymer battery and a battery management system. The lithium polymer battery model was developed and validated with methods similar as discussed in [17] . The SMS topology allows charge and discharge operations of the BESS regardless of the reactive power dispatch state. The discharge path consists of a 1-MW dcdc buck converter and a 1.25-MVA three-phase voltage source inverter. The charge path consists of an uncontrolled three-phase full-wave rectifier connected to a dc-dc buck converter which is responsible for the rate of charge of the battery. The detailed model of the full SMS topology is first developed using an electromagnetic transient program. Fig. 4 shows BESMS controllable regions. Conventional energy systems use most of the inverter capacity for active power dispatch as represented by area (A 3 ) in which reactive power output is dictated by a minimal allowed power factor of 0.8. The studied control scheme relies on using an inverter with a relatively high capacity compared to that of the battery. This capacity difference is used for reactive power dispatch to allow flexibility to perform VAR compensation functions.
For the proposed design, the BESS active power output varies between the maximum discharge power (P dm BESS = 250 kW) and maximum charge power (P cm BESS = −250 kW). Area A 1 in Fig. 4 shows the BESS controllable output region. This is also the power output region for zero active power output from the PV station installed at the point of PCC. As the PV station output increases, the controllable region is shifted to the right till it becomes A 2 at maximum (PV) output. So, areas (A 1 ) and (A 2 ) represent the controllable regions for minimum and maximum PV station output, respectively. A 4 shows the control regions used during PV capacity firming (PVCF) application.
C. PV Station
The PV station described is connected on the same bus as that of the BESMS. As shown in Fig. 5(a) , the practical system consists of six separate arrays connected to six separate inverters which are commonly connected to the PCC. Each array utilizes different PV architecture. Nevertheless, 70% of the total PV station capacity is of the same module (Yingli) and inverter type (Satcon). For evaluation purpose, the system is aggregated into a single array with a single inverter as shown in Fig. 5(b) . The PV module and inverter used for the aggregated PV station array is the one which is the most common in the practical PV station. The models thus developed are then validated using real irradiance data.
III. PROPOSED CONTROL METHODOLOGY AND IMPLEMENTATION FRAMEWORK
The proposed control methodology relies on data gathered from different points of the described distribution feeder. These datasets are published to a message bus where data can be accessed by authorized system operators. A remote dedicated laboratory system is used to subscribe to the message bus and acquire input data needed for the desired BESS applications. The BESMS controller handles real-time system data through the utility operated message bus. Both real time system data and recorded historical data are used to determine optimum PVCF degree.
The BESS PVCF control algorithm aims to minimize PV station power swings. It targets large power swings occurring at noon when PV output is at its peak. These swings are the most crucial to minimize transients in the feeder. A PV reference power is used to determine the optimal PCC power output during power swings. This reference is deduced taking into account the PV station characteristics and BESS size and full life. The PVCF algorithm depends on a four-stage adaptive filtering control (AFC) methodology. First, a reference power curve is developed based on daily PV power output. Second, a reference smoothing algorithm is developed that represents the changes in the power with respect to the power swings and battery capacity. Third, an optimal power reference is developed that allows for maximum PV swing suppression at the peak power developed during the time of the day. Finally, based on the AFC control architecture, the PV intermittency is detected. The details of the algorithm are discussed next.
A. Reference Power Calculation
The PVCF algorithm uses short-term historical PV station output to develop a characteristic maximum curve for the PV output at that time of year. For a daily output power of PV station P k (t) where k signifies the day, k = 1, 2, 3, 4, . . . . . . . n, the characteristic maximum and minimum PV curve is given by
where T = nΔt and "n" represents the number of days. Then, the reference power can be written as
To capture maximum power from the PV farm based on input data fed, the daily reference curve can be represented as
where "t" represents current day and Δt represents the previous days or in a general form, as presented in (5) and shown in Fig. 6 P m (t) = max (P 1 (t) , P 2 (t) , P 3 (t) . . . .P n (t)) . (5) Considering the above, the rate of power changes can be represented as
It could be noted that (6) can be written as a function of maximum and minimum power from the PV as
Let U l be the maximum allowed ramp rate and L l be the minimum allowed ramp rate then on the same token
and Based on the above, the characteristic maximum PV curve based on an eight day data is represented in Fig. 6 .
B. Smoothed Characteristic Maximum Power (SCMP) Calculation
Let P scmp (t) be the representation of the smooth characteristic reference power. Then, the smooth characteristic reference power for any day or time can be represented as
+ higher order terms (10) where term 1 represents the smooth reference curve for the previous day and term 2 and higher order terms represents the rate of changes. Ignoring higher order terms in (10) and noting that the smooth reference curve for previous days can be the representatives for the current P m (t), it can be implied that P SCMP (t − Δt)e −Δ t/T settles to P m (t − Δt), and, thus, without considering any optimization, the SCMP is defined as (see Fig. 7 )
where a, b, and c are streamed from Ψ as shown below. "a" being the most significant bit and "c," the least significant. Let us define λ as
where R m is defined as the maximum allowed rate of change of the smoothed characteristic maximum PV power with respect to time. R m is directly related to R n which is defined as the PV station's nominal characteristic rate of change of output active power. In other words, it can be described as the maximum rate of change of a PV station's output power with respect to time, in the absence of clouds and any rapid power swings. Assuming a 1-MW PV station, P m (t) can be regressed to attain the sixth-order polynomial shown as 
This polynomial is differentiated with respect to time to attain (dp(t)/dt) as shown in Fig. 8 . Since irradiance is approximately symmetrical across noon, single R n and R m values are defined for both increasing and decaying PV power output. Therefore, the maximum positive and negative rates of changes of the regressed sixth-order polynomial are averaged to deduce R n for a 1-MW station. The value of R m is chosen to be 130% of R n to allow for curve settling after fluctuations of P m (t). Fig. 7 shows P scmp (t) after utilizing an R m value of 6 kW/min. Applying (2) to (14) based on the short-term historical data recorded from a 1-MW PV station, we attain the smoothed characteristic maximum PV curve shown in Fig. 9 .
C. Optimal Reference Power Calculation
As discussed, the third stage is to develop an optimal reference power considering the ramp rates and the battery SoC. The PV power reference curve (P pr (t)) is a fraction of the SCMP curve. This can be written as The weighting factor (m) is initially chosen in order to provide maximum suppression for power swings occurring at noon (peak PV power) which represent the greatest impact on the system. Fig. 10 shows the 2-min PV power swing magnitude distribution throughout the day for eight typical days.
As it can be noticed from the previous equations, the shape of the power reference controls the degree of attainable PVCF. Also, it dictates the extent to which the battery intervenes. So, we can infer that the factor "m" can be used to control both the degree of firming and battery SoC throughout firming. Let us calculate the value of m that corresponds to maximum PV firming. Considering R u as the upper firming limit of the battery for a determined power reference
F u (t noon ) = m P scmp (t noon ) + P Bmax (18) where P Bmax is the maximum power that can be utilized from the battery at any given time. Since maximum PV power firming is attained if R u is equal to P scmp at noon (i.e., maximum PV power time)
Thus, the required optimization factor "m" for maximum firming can be calculated as follows: It has been proven that no single static PV power reference can provide efficient firming. It is rather desirable to enhance PV capacities utilizing a dynamic power reference which is dependent on real time PV power. Therefore, a dynamic reference power which adjusts its BESS operation region in real time is designed. The dynamic power reference weighing factor m d (t) is defined here as a function of F u (t). The rate at which the angle of incidence of sun rays approaches and eludes perpendicularity is taken into consideration for this design. Power output rate of change greater than these values are rendered as clouds passing. Before noon, angle of incidence of sun rays only approaches perpendicularity. Therefore, F u (t) is only allowed to increase during that time. Whereas in the afternoon, PV power output decrease could be either caused by the decrease in angle of incidence of sun rays, cloud passing or both. The corresponding weighing factor m d in both cases is calculated according to
where F u (t) is the modified upper BESS firming limit as described. The inequality constraints shown in (22) ensure that F u (t) does not supersede P scmp (t) and that the lower BESS firming limit does not fall below zero 
D. Intermittency Detection
IDA allows the idling of the battery during times when PV output power is smooth and does not require conditioning. The IDA relies on constantly tracking the rate of change of the difference (P c (t)) between the output PV power and the optimal power reference curve (see (24)). P cf (t) is equal to P c (t) such that the first derivative with respect to time of P c (t) is limited to a certain value (R sw ). Equation (25) defines this relation. D(t) is defined as the difference between P cf (t) and P c (t). As shown in (26), if the value of D(t) violates P DS , PV power swings are identified and IDAOP(t) is set to a high binary value. PV power swings are assumed till value of D(t) is maintained less than P DS for a period T d P c (t) = P pv (t) −P pr (t) (24)
The sensitivity of the described IDA is set by two main parameters: R sw and P DS . R sw sets the tolerable rate of change of output PV power. Whereas P DS sets the tolerable magnitude of identified PV power swings. Both parameters are used to control the degree of PVCF desired. Further, the application of dual triggers to prevent premature setting of the IDAOP cause unwanted BESS operation which put the practical operation of the designed PVCF algorithm in danger. The first threshold violation of D(t) is ignored and used only to set the value of a SR flip-flop. This in turn sets the IDAOP provided that a secondary SR flip-flop is also set by a secondary threshold violation of D(t). Fig. 11 shows the operation of the IDA for a sample day. It can be noticed that the algorithm is triggered only during the times of intermittent PV station output or in other words, during high scale power swings. It is also clear that the algorithm output is rested after the PV station output maintains a nonintermittent output state for the specified time period T d .
IV. Firming Maximization
Given the stochastic nature of PV station intermittencies, it is required to implement a dynamic programming optimization routine to determine optimal algorithm parameters. The optimization technique implemented here relies on the utilization of publicly available hourly weather forecasts for PV station location. Two main algorithm parameters, viz., initial BESS SoC (SoC st ) and the limit applied for the first time derivative of the weighing factor, (m [P opr (t) − P Bmax − P pv (t)]dt ∀ P pv (t) > P opr (t) + P Bmax P opr (t) − P Bmax > P pv (t) and IDAOP = 1
where t s and t e represent the time of start and end of PV station output, respectively. IDAOP(t) represents the instantaneous value of the IDA output. J is the minimization function which represents the total unfirmed energy during a particular day. The constraints are
Correlation between optimal values found for different days of the same cloud states is noted and sought to be applied for similar forecasted days. As shown in Fig. 12 , the minimization function applied here is the full day unfirmed energy. This is the energy of the PV power swings that the BESS failed to firm due to its power or energy capacity.
A. Mostly Cloudy Days
Figs. 13 and 14 show the unfirmed energy as a function of initial SoC for two mostly cloudy days in the state of North 
B. Scattered Clouds Days
Similarly, Figs. 15 and 16 show the unfirmed energy as a function of initial SoC for two scattered clouds days based on the optimization performed as discussed. Table II illustrates the optimization coefficients.
V. SIMULATION RESULTS
A. Averaged Algorithm Paramter Simulation Results
This section displays the performance of the PVCF algorithim utilizing averaged algorithm parameter values that were used in [20] . These values were nominally chosen as SoC st = 60% and m . d | max = 10 −4 . The corresponding results using the optimized parameters are also shown for comparison and evaluation. As shown in Figs. 17 and 18 , a relatively large amount of PV power is left unfirmed due to the BESS reaching its full energy capacity. This caused a PV station output to remain unfirmed between 12:30pm till 14:30pm, causing a total unfirmed PV energy of 397 kWh. On the other hand, utilizing the optimized algorithm parameters, as shown in Figs. 19 and 20 , reduced the unfirmed PV energy to 0.89 kWh and efficiently utilized the energy capability of the described BESS. Fig. 21 presents the implementation results for the proposed architecture on a scattered clouds day with the devised optimization methodology. It can be seen that the methodology provides very effective PV smoothing capability with respect to a nonsmoothing PV characteristics on a scattered cloudy day. It can also be seen that the SoC characteristics is also kept at optimal values all day.
B. Optimized Algorithm Paramter Simulation Results
VI. IMPLEMENTATION RESULTS
The field implementation results of the proposed algorithm on the power distribution feeder located in the Southestern US is illustrated in Figs. 22-24 . It can be seen from the figures that the PV optimization results show maximum smoothing affect for the specific days mentioned. It is also worth noting that the corresponding voltages at the PCC are optimal and the battery reactive power supports are at the minimum. Also, the proposed architecture provides maximum smoothing and utilization of the BESS.
VII. CONCLUSION
In this paper, a new method for PV station capacity firming utilizing general cloud state conditions for algorithm parameter optimization is introduced. General daily cloud state forecasts extending for the full day ahead are concluded here to dictate the optimal values of the utilized firming routine. The daily initial SoC as well as the permissible firming ramp rates associated with the firming algorithm explained were optimized according to cloud state forecasts as well as mass historical data and found to maximize firming when utilized. The method has been tested on a real-life system which confirmed simulation results and verified implementation feasibility and effectiveness. The simulation as well as the implementation results observed provides improved smoothing characteristics for the PV integrated feeder.
